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 論文内容要約  
Material Processing is essential to keep modern social system. Process design for producing valuable materials 
with lower energy usage has been researched. Especially, metal materials are superior in strength and workability 
in comparison with plastic and the ceramics. Moreover, metal materials are recycled with refining easier. From the 
above, metals are valuable and vital to modern societies. In the material industry, a study title such as the 
"zero-emission" and "development with sustainability" has been advocated by a global environmental problem as 
a background after the 1990s. The wastes (for example CO2) produced in the material processing has large 
influences on global warming and environmental problems. Therefore, it came to be recognized that the wastes 
should be harmless or controlled 
In this study, the ironmaking process with blast furnace is analyzed for the decrease in energy and wastes in the 
steelworks. The CO2 emission of the steel industries accounts for approximately 14% of overall emissions of 
Japan. The ironmaking process uses approximately 70% of energy consumed of among the consistency the 
integrated steelworks. The improvement of ironmaking process efficiency large contributes for the reduction of 
the CO2 emissions in the integrated steelworks and Japan. Fig. 1 shows schematic diagram of blast furnace 
(reactor vessel for ironmaking process). For production of melting pig iron, sinter and cokes are charged from the 
top of blast furnace and high temperature gas is blown from tuyere that locates at lower part of furnace. Sinter is 
pretreated iron ore with sintering and sizing. Cokes is carbonized coal. 
The blast furnace has wide temperature distribution from 2,000 degrees Celsius to room temperature. Tuyere 
neighborhood is the highest in temperature and temperature decreases in the upper part of blast furnace. Inner area 
of blast furnace is reducing atmosphere, the sinter charged from the top of furnace descends in the furnace with 
heating and being reduced by gas. The domain sinter start softening with increasing in temperature is called 
cohesive zone. In addition, sinter starts melting and liquid phase starts occurring in this domain. The domain 
under the cohesive zone is called a dripping zone. Melted pig iron and a molten slag is dripping through the coke 
layer in this domain. Solid and liquid phase descend towards the lower part and the gas phase flows towards the 
upper part. In other words, materials flow in the blast furnace forms the counterflow state. 
 
  
Fig.1 schematic diagram of blast furnace. 
 
Analyses of liquid phase in blast furnace mainly focus on macroscale factors such as effect of void fraction and 
pressure drop. On the other hands, micro scale factors such as shape changes of each liquid droplet and adhesion 
to the packed materials have been not researched and not clear enough. The reason why liquid behavior isn’t 
researched enough is that liquid behavior in the blast furnace is hard to observe directly because blast furnace is 
high temperature and is filled with cokes. 
In this study, the optimization of the ironmaking process is the ultimate object and the liquid phase in the lower 
part of blast furnace is focused and analyzed the effect of physical properties of liquid phase and packed bed 
structure on the gas and liquid flow. In addition, it is aimed to get the useful knowledge for the blast furnace 
operation. Following results were obtained in each chapter in this study. 
Chapter 1 is an introductory part and described the background of this study, a purpose and previous studies.  
In Chapter 2, contact angles of molten iron and slag in the blast furnace were researched to clarify these 
wettability in the furnace. To achieve these objects, the dynamic contact angles of the droplet on the substrates 
with non-smooth surface were measured and analyzed. From the experimental results, the effects were discussed 
that of surface roughness and the reaction of between cokes and melted iron or slag on the contact angle. The 
dynamic contact angles of mercury on the carbon substrates and water on the aluminum substrates with variations 
of surface roughness were measured by the extension contraction method. The following results were shown. 
2.1) With the advancing contact angle larger than 90° and the receding contact angle smaller than 90°, 
increasing in surface roughness of the substrate increases drag force at contact point and the falling angle 
becomes larger. It makes a droplet on the substrate surface hard to move. 
2.2) With the advancing and the receding contact angle larger than 90°, increasing in surface roughness 
increases drag force at contact point and the falling angle becomes smaller. These make a droplet easy to 
move. 
2.3) From the previous researches, the wettability of molten iron and slag were also changed with the reaction 
between cokes and it in the blast furnace. Considering with this chapter’s experimental results, molten iron 
and slag react to cokes and each droplet becomes higher wettability and larger falling angle. In the lower 
part of furnace, the reaction finishes and each droplet becomes lower wettability and smaller falling angle. 
In Chapter 3, the fundamental equations of Moving Particle Semi-implicit method (MPS method) were 
explained. New surface tension model is constructed and validated with some simple calculation conditions. For 
the conditions of the variation, the contact angle on the substrate, the oscillation of the floating droplet, the fall 
behavior on the substrate and the droplet motion on the sphere were set and calculated. From the results, the 
followings were shown. 
3.1) The Droplet oscillation period calculated by this MPS method shows agreement with theoretical solution. 
3.2) New Surface tension model was constructed that introduced the technique that the particles in the 
liquid-solid interface are given correct external force by surface tension. The calculated droplet motion and 
contact angle on the solid substrates under the gravity were compared with experiment. Calculated contact 
angle shows agreement with experimental. This results show that this MPS method can calculate contact 
angle with high accuracy. 
3.3) Droplet motions on the flat slope were calculated. From calculation result, shape changes with rotating and 
dropping motion on the surface were successfully calculated. 
3.4) Droplet motions on the sphere were calculated. From the comparison between calculated and experimental 
droplet motion, it was shown that this model can analyze droplet behavior on the curved surface. 
In Chapter 4, local static holdup was analyzed by MPS method to clarify the relationship between contact angle 
and static holdup. To analyze local static holdup, droplet motion in the area that three spheres contact each other 
were calculated and observed. The physical properties of water were set for liquid properties in the calculation. 
Droplet diameters, solid sphere diameter and a contact angle between liquid and solid were set a variation in each 
calculation conditions. From the simulation, following results were shown. 
4.1) Relationship between static holdup mode and size of packed material was analyzed. From the calculation 
results, variations of static holdup mode that changes with combination of size of packed material and 
wettability were shown. 
4.2) It is predicted that static holdup has two modes. One is the mode static holdup increases with high 
wettability. The other is static holdup increases with higher and lower wettability. 
In chapter 5, liquid flow in the packed bed was researched to clarify effects of physical properties on liquid 
flow. Liquid flow in the packed bed is calculated by MPS method. The influence of viscosity and wettability on 
the flow distribution and shape were analyzed. The contact angle was set from 30° to 180° in steps of 30°. The 








/s. Packed bed structure was set consists of 
sphere of 20 mm in diameter. Following were shown by calculation results.  
5.1) With low wettability condition, liquid drips from the side of packed materials. With high wettability 
conditions, liquid flows surface of packed materials and drips from the bottom of it. 
5.2) With high viscosity conditions, the dispersion of the liquid becomes smaller, and a tendency to flow 
through the specific pass becomes strong. 
5.3) With high wettability, static holdup of liquid occur at the points that packed materials contact each other 
and bottom of packed materials. 
In chapter 6, liquid flow in the packed bed was researched by MPS method to clarify liquid flow rate and 
amount of liquid trapped in the packed bed. The influence of viscosity, wettability and packed bed structure on the 
dripping rate and holdup were analyzed. To analyze the relationship between liquid flow and a packed bed 
structure, three patterns of a packed bed structure were used for calculation. First one consists of sphere of 20 mm 
in diameter. Second is of spheres of 14 mm. Third consists of mixed spheres of 14 and 20 mm. In all packed bed, 
the spheres are packed randomly. Following were shown by calculation results.  
6.1) From the simulation results, average dripping rate is calculated in each calculation conditions. With same 
wettability and packed bed structure, average dripping rate decrease with the increasing in viscosity. With 
same packed bed structure and viscosity, average dripping rate with the contact angle larger than 120° is 
higher than with the contact angle smaller than 90°. With same viscosity and contact angle smaller than 90°, 
average dripping rate with packed bed consist of 20mm is the highest. On the other hand, packed bed 
structure that takes highest dripping rate is different with the contact angle larger than 120°. It is predicted 
that the wettability that takes largest drag force by wetting varies by packed bed structure. 
6.2) From the simulation results, static holdup with each condition was calculated. With same viscosity and 
packed bed structure, Static holdup decreases with the increasing in wettability. With same packed bed 
structure and wettability, Static holdup increases with the increasing in viscosity. With same wettability and 
packed bed structure, Static holdup increases with the increasing of specific surface area or the decreasing 
in harmonic mean diameter of the packed bed. 
6.3) Static holdup calculated by MPS method was sorted and analyzed by modified capillary number  
proposed by T. Fukutake et al. Calculated static holdup increases with the decreasing in modified capillary 
number  and showed the tendency of the monotonous increasing. The tendency agrees with predictive 
equation for static holdup proposed by T. Fukutake et al. 
In chapter 7, MPS-SMAC model was constructed that is new calculation model for gas-liquid flow analysis. In 
this model, MPS method and Simplified Maker and cell (SMAC) method were coupled. In MPS-SMAC model, 
liquid flow is calculated by MPS method and gas flow is calculated by SMAC method. Gas to liquid and liquid to 
gas interaction are calculated in MPS-SMAC model as boundary conditions and external force. With MPS- 
SMAC model, microscopic gas- liquid flow analysis was calculated and analyzed. From the results, followings 
were shown. 
7.1) The results of Gas-liquid coexistence flow calculated by MPS- SMAC model showed good agreement with 
analytical solution. 
7.2) MPS-SMAC model can calculate the pressure drop in the packed bed without Ergun’s equation. 
7.3) Gas-liquid flow in the packed bed was calculated by MPS-SMAC model. Calculation results showed that 
MPS-SMAC model can calculate and analyze microscopic phenomena such as liquid shape deformation by 
gas channeling. 
Chapter 8 is conclusion of the doctoral thesis and describes the results and the prospects obtained by the 
foregoing chapters. 
Summarizing the above, doctoral thesis enabled the microscopic gas-liquid flow analysis in the packed bed that 
had difficulty in analysis by previous techniques. In addition, influences of characteristics such as wettability and 
viscosity on the gas and liquid flow were clarified in this research. Therefore, this thesis gives useful knowledge 
for engineering.  
 
 
